The development of new fluorogenic reactions for specific chemical groups is of increasing interest in cytochemistry. We describe the application of the noduorescent compound isatin on methanol-fted blood smears. When treated with 0.1% isatin in absolute ethanol or acetone for 30 min and observed under violet-blue exciting light, eosinophil leucocyte granules show a bright green fluorescence. This fluoro-
Introduction
Although some histochemical techniques are commonly used to identdy individual amino acids from cell and tissue proteins in light microscopy (8,12,16,22,27) , more specific and sensitive reactions are still required. According to Gabe (8) and Pearse (16) (see also 3,15,17), several methods for demonstration of tryptophan residues or related indole compounds are available, (e.g., coupled tetrazonium, rosindole, naphthyl-ethylene-diamine, glyceric aldehyde, post-coupled benzylidene, xanthydrol, 4-dimethylaminobenzaldehyde, 4-dimethylaminocinnamaldehyde, formaldehyde-HC1, formaldehyde-ozone, acetyl chloride), most of them with drawbacks such as low specificity, variable results, or weak staining intensity. In some methods for tryptophan detection, new chromophores are formed by a coupling reaction involving the a-amino group and the P-methylene group of the indole ring (3,16,17,25).
In analytical biochemistry, selective techniques for determination of tryptophan content in proteins are also known. A colorimetric reaction is based on the modification of tryptophan residues by 5-isatinsulfonic acid (2). In addition, green fluorescence of tryptophan is produced by formaldehyde (25) and N-bromosuccinimide (4,5), but these reactions are not specific for this amino acid.
During the course of studies on indigo based dyes and deriva- tives (23,24), we realized that when dissolved in ethanol, the nonfluorescent compound isatin (an oxidation product of indigo; see Figure 1 ) induced strong fluorescence emission in protein structures. This work describes the fluorogenic reaction of isatin and its specificity for cytochemical demonstration of tryptophan residues in blood cell smears.
Materials and Methods
Smears of chicken, rat, dog, horse, and human peripheral blood were fixed in methanol for 2 min and air-dried. Horse blood was chosen because of the large size of eosinophil granules (1,23), which facilitates the visualization of individual cell structures and a more precise recognition of selective fluorescence reactions (19, 21, 24) .
Solutions (0.1%) of isatin (indole-2,3-dione; crystalline) (Merck; Darmstadt, Germany) were prepared in the following solvents: absolute ethanol (Scharlau; Ferosa, Barcelona, Spain), acetone (Panreac; Barcelona, Spain), dioxane (Merck), tetrahydrofuran (THF) (Merck) , N,N-dimethylformamide (DMF) (Panreac), ethylene glycol (EG) (Panreac), and 50% ethanol. The solution of isatin in absolute ethanol will be referred to as ethanolic isatin. Solutions (0.1%) of other isatin derivatives such as 5-isatin-sulfonic acid (sodium salt) (Sigma; St Louis, MO) and 6.7-dimethylisatin (kindly provided by M.F. Braila, Knoll Laboratories, Madrid, Spain) in absolute ethanol were also used. Solutions of these reagents were applied on blood smears for 30 min at room temperature (RT) (about 20"C), washed for 15-20 sec with the corresponding solvent, and air-dried. For THF, DMF, and EG, a brief washing in distilled water was done before drying. Lower isatin concentrations or shorter staining times resulted in diminished intensity ofthe fluorogenic reaction. Increased concentrations or staining times did not improve the results.
Blood smears were also subjected to some additional procedures: (a) prolonged washing (1 hr) in absolute ethanol or distilled water after isatin treatment, and (b) selective oxidation of the indole group of tryptophan residues by freshly made performic acid (16) for 1 hr before the isatin reac- tion. After treatment with solvents alone, control smears were also checked for autofluorescence. Preparations were examined either under immersion oil 518 C (Zciss; Oberkochen, Germany) or after mounting in one of the following media: Merckoglas (Merck). DPX (Serva; Heidelberg, Germany), Eukitt (0. Kindler; Freiburg. Germany), Euparal (BDH; Poole, UK), 50% glycerol, or distilled water.
Observations were carried out in a Zeiss photomicroscope I11 equipped with a mercury lamp (HBO 100 W) and the epifluorescence condenser 111 RS with filter sets for ultraviolet (365 nm). violet (405 nm), violet-blue (436 nm), blue (455-490 nm). and green (546 nm) exciting light. Photomicrographs were obtained with a Neofluar x 100 objective and Plus X (125 ASA) black-and-white negative film.
Spectrofluorimetric studies were performed in vitro with 50 pglml isatin in absolute ethanol, either alone or after reaction with amino acids for 24 hr at RT. Amino acids (L forms, used as test compounds at saturation in isatin solutions or in ethanol) were tryptophan, arginine, tyrosine, phenylalanine, valine, threonine, isoleucine, and glycine (Merck), serine. hydroxyproline, cysteine. methionine, glutamic acid, glutamine, aspartic acid, and asparagine (Sigma), histidine. alanine, leucine, and proline (Scharlau), and lysine (Serva).
Spectral measurements were carried out in a Perkin-Elmer (Norwalk, CT) 650-10s fluorescence spectrophotometer equipped with a 150-W xenon lamp, two grating monochromators. the R 372 F photomultiplier detector, and a 056 recorder. Fluorescence analysis was made in the sensitivity range 0.3, with the mode switch and gain selector in normal positions and a 10-nm bandpass for the excitation and emission slits. Used in the normal mode, emission spectra corrected for variation in the intensity of the exciting light are obtained. The Raman scattering of the solvent was not subtracted from emission spectra. To avoid the possible contribution of the second-order emission of substrates, reagent and solvent from fluorescence spectra, the lower harmonic of the main excitation beam (Rayleigh scattering) was abolished by setting a simple glass filter (opaque at wavelengths lower than 310 nm) before the I-cm wide quartz cuvette (19). Some spectrophotometric studies on the reaction product of isatin with tryptophan were also made with a double beam UV/VIS Perkin-Elmer 551-S spectrophotometer.
Results
After treatment with ethanolic isatin, observation of blood smears under violet-blue exciting light revealed strong green fluorescence of identified cell structures. Cytoplasmic granules in mammalian eosinophils and chicken heterophils showed the brightest fluorescence reaction. Excitation with violet light was also suitable, but lower fluorescence was observed under ultraviolet and blue exciting light. No emission was found when green excitation was used.
Fluorescent structures showed no color when observed under brightfield illumination.
Because of their large size, the selective fluorogenic reaction was most conspicuous in horse eosinophil granules (Figure 2 ). In the fusiform granules of chicken heterophil leucocytes (18), the core appeared appreciably more fluorescent than the external matrix.
No emission was found in the remaining cytoplasm of eosinophils or in leucocyte nuclei. Chromatin of chicken erythrocytes presented only a weak fluorescence reaction. Other cell structures such as the cytoplasm of neutrophils, lymphocytes, and monocytes, as well as platelets and erythrocyte cytoplasm, revealed a pale greenish fluorescence.
In addition to isatin, ethanolic solutions of the derivative compounds 5-isatinsulfonate and 6.7-dimethyl-isatin also induced the described fluorescence pattern, but the emission intensity was slightly weaker than that of ethanolic isatin. No color reaction was observed under brightfield illumination. As these derivatives did not show any advantage over isatin they were not further analyzed.
Immersion oil and Merckoglas were the optimal mounting media for blood smears treated with ethanolic isatin. In this case, only a negligible fading rate was observed in cell structures subjected to prolonged violet-blue irradiation. With other mounting media the brightness of fluorescent structures was somewhat lower and they showed more fading. The fluorogenic reaction of isatin in other organic solvents was also investigated. Acetone was perfectly suitable and results were comparable to the fluorescence pattern with ethanol. The green emission of structures induced by isatin dissolved in DMF or dioxane was as intense as in ethanol or acetone, but fading was faster. With THF and EG the emission was lower than with ethanolic isatin, and no fluorescence was found with isatin in 50% ethanol. When excited under violet-blue light, control blood smears (untreated or treated with the solvents alone) only revealed a weak autofluorescence. The pale yellow primacy emission of eosinophil granules (20) was entirely different from the strong secondary emission induced by isatin.
The bright green fluorescence of eosinophil granules was very well preserved after 1-hr washing in absolute ethanol or distilled water. Since spectrofluorimetric observations revealed that tryptophan formed a fluorescent product after reaction with isatin in vitro (see below), a selective blocking method (performic acid oxidation) for this amino acid was carried out. After this procedure, the microscopic fluorescence pattem induced by ethanolic isatin was completely abolished.
To identlfy the possible protein component(s) responsible for the fluorogenic reaction of isatin, spectrofluorimetric studies were carried out using saturated solutions of amino acids in absolute ethanol, either done or containing 50 pg/ml isatin. h o s t no emission was observed with ethanolic isatin (reagent solution lacking amino acids), whereas strong fluorescence (peak at 505 nm) oc- curred after reaction of isatin with tryptophan (Figure 3) , the optimal exciting wavelength being 440 nm. The emission characteristics of the reaction product between isatin and tryptophan are in agreement with the color of the visible fluorescence in microscopic structures after treatment with ethanolic isatin. The results of emission measurements for all amino acids are presented in Table 1, which shows that only tryptophan forms a specific fluorescent product in the presence of isatin. The reaction product showed a very high uv absorption. However, no peak was found in the visible spectrum and only a continuously increasing absorption was observed to occur from the visible (600 nm) to the ultraviolet region (300 nm) (data not shown).
Discussion
There are a few examples of analytical determinations of tryptophan using fluorescence techniques (25). Primary emission of tryptophan occurs at 350 nm when excited at 275-280 nm. Therefore, tryptophan and tyrosine (emission peak at 310 nm) are the main components responsible for the native fluorescence of proteins (25).
Other techniques involve the formation of new fluorophores. A fluorescent product of tryptophan from peptides and proteins after reaction with formaldehyde corresponds to a P-carboline derivative (3J6.25). Free tryptophan and proteins containing this amino acid give a green fluorescence (peak at 530 nm under excitation at 400 nm) when treated with N-bromosuccinimide (4,5) . In addi-tion, the reaction product of tryptophan residues with 4-dimethylaminobenzaldehyde could be also observed in fluorescence microscopy (16) . However, little microscopic application of these fluorescence methods for tryptophan has been used in protein cytochemistry. Several analytical uses of isatin and some derivatives are also known. Isatin is employed in analytical chemistry as a reagent for cuprous ions, thiols, thiophene, and indican (13~4). A colorimetric reaction for proline determination is based on the use of isatin in a water-acetone solvent at low pH and high temperature (7), giving a dark blue compound (absorption maximum at 598 nm). On the other hand, 5-isatinsulfonate in aqueous solution has been described as a specific chromogenic reagent for the modification of tryptophan residues in peptides and proteins (2), producing a yellow compound (absorption maximum at 367 nm). As far as we know, no fluorescence of the reaction products formed between amino acids and isatin derivatives has been reported.
In the method described here, the non-fluorescent compound isatin is used in organic solvents and a strong and specific fluorogenic reaction occurs with tryptophan. Since free amino acids are not usually found in cell structures, new cytochemical methods developed from biochemical reactions specific for amino acids can be used to demonstrate the presence of proteins containing these residues (10). We show here that when applied in ethanol or acetone, isatin is a very effective fluorogenic reagent to selectively visualize eosinophil leucocyte granules. These granules contain a number of highly cationic proteins (26) which are responsible for their acidophilic characteristics (9,11,2 3).
It is already known that a considerable amount of tryptophan occurs in proteins from eosinophil leucocyte granules (27), which show positive reactions (xanthydrol, rosindole, 4-dimethylaminobenzaldehydelnitrite, naphthyl-ethylenediamine) for this amino acid. Likewise, it seems logical to assume that in addition to the occurrence of tryptophan, the high protein concentration in eosinophil granules is also an important factor in relation to the intensity of the fluorogenic reaction at the microscopic level. In this respect, the great size and protein content of horse eosinophil granules make them very suitable as cytological test structures for the design and application of new staining and fluorescence reactions in protein cytochemistry (18, 19, 21, 23, 24) .
For histological applications, the present fluorogenic technique must be further improved. In preliminary studies on paraffin sections of formaldehyde-fixed tissues, considerable autofluorescence interfered with the precise evaluation of fluorescence induced by isatin. In fact, formaldehyde fixation increases the autofluorescence of tissues (6, 22) and also hinders the histochemical demonstration of tryptophan (16).
The precise chemical structure of the fluorescent product formed by the reaction of ethanolic isatin with tryptophan can not yet be formulated. No absorption peak was found at 367 nm as in the case of the reaction product of tryptophan with aqueous 5-isatinsulfonate ( 2 ) . which indicates that our green-fluorescing product and the yellow chromophore (2) are different compounds. It is tempting to speculate that, by analogy with other chemical reactions of tryptophan, a condensation of the indole ring and a-amino group with the reactive carbonyl of isatin at position 3 could be involved in the formation of the specific fluorescent product.
